The present state of our knowledge concerning the formation of positive and negative ions in the earth's normal ionosphere will be reviewed.
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THE FORMATION OF IONS IN THE UPPER ATMOSPHERE Introduction
The result of interpreting field observations of atmospheric phenomena in the light of laboratory observations is a recognition of the main processes occurring i,, the charged gas regions of the upper atmosphere. The recognition of the important reactions enables future laboratory effort to be channeled in the most fruitful directions. This review covers information available in the literature concerning laboratory investigation of the processes which are considered most important, and indicates the areas in which the greatest priority for additional research exists. Wherever it is possible, presently accepted rate coefficients or cross sections will be given. However, it must be emphasized that this general area of investigation is receiving much attention, primarily because of space science implications, and that revised numbers and concepts may be expected at frequent intervals.
Since this review will concern only reactions in which charged species are created, many important atmospheric chemical reactions among neutral atoms and molecules will not be discussed here.
After a brief description of the general parameters of the upper atmosphere and the ionosphere, the processes yielding positive and negative ions in the ionosphere will be described. These processes are photoionization by solar vacuum ultraviolet radiation, yielding positive ions and electrons, and attachment of electrons to neutral atoms and molecules, producing negative ions. Areas of greatest priority for further effort will be indicated. In all cases the electron concentration is smaller than the ion concentration, as approximate values in Table 1 illustrate. The electron concentration decreases considerably at night at the lower altitudes, but quite significant equilibrium concentration levels are maintained in the F region. The atmospheric neutral densities in this altitude region are subject to considerable revision at the moment, especially at the higher altitudes.
The composition of the ionosphere has been measured by Johnson, Heppner, Holmes, and Meadows with rocket-borne radio frequency mass spectrometers. 20 The results of three flights are shown in Figure 2 , where The present discussion will therefore be restricted to wavelengths between about 1400 and 100 A (9 to 120 electron volts), where the energy of the photon is sufficient to ionize the atmospheric constituents and there is known to be sufficient solar radiation flux to cause measurable effects.
The first ionization potentials of atmospheric atoms and molecules are listed in Table 2 . This energy must be supplied by a photon to separate an electron from the neutral atom or molecule. The methods of obtaining the 32 ionization potential are beyond the scope of this review.
It should be pointed out that the major atmospheric atoms and molecules, N20 02# 0 and N. require photon wavelengths below 1050 A (11.8 ev). Nitric oxide (NO) requires wavelengths below 1340 A (9.25 ev) for photoionization, making it the easiest atmospheric diatomic molecule to ionize. Therefore, its large abundance as a positive ion, compared to its low abundance as a neutral specie, is made plausible.
As solar radiation passes through the earth's atmosphere, all wavelengths below about 3000 A are removed by absorption processes of various types. The ionization processes of most importance at any given altitude may be determined from the absorption laws by use of the solar flux incident at this altitude, the particle concentration of the specie of interest, and the photoionization cross section. The radiation flux and the particle concentration must be determined in the atmosphere itself, while the photolonization cross section is best determined in the laboratory. The solar flux at an 6 4 altitude within the sensible atmosphere is dependent upon all of the absorption processes occurring above this altitude. Therefore, the solar flux at a given altitude and wavelength is a function of the solar flux incident upon the earth's atmosphere, the number of molecules from the "top' of the atmosphere to the given altitude. and the total absorption cross section for each atmospheric specie of interest. Laboratory measurements, therefore, are most concerned with the total absorption and the photoionization cross sections.
The total absorption cross section is defined by the expression:
where I ( ) and I () are the incident and transmitted radiation intensities, a (X) is the total absorption cross section, n 0 is the number of gas molecules 3 per cm at standard conditions (Locksmit's number), and I is the radiation path length reduced to the equivalent distance at standard conditions of temperature and pressure. The ionization cross section is defined by the relation:
where f (X) is the ionization efficiency, or the fraction of absorbed photons which produce ionized particles of any type, and a i (Q is the ionization cross section. Other cross sections may, of course, be defined for processes leading to specific ionized fragments or excited states.
As intimated in the last paragraph, photons of the typical energies considered here may react through a number of different processes following absorption. The most important possibilities for the present purposes are summarized in Table 3 , using the oxygen molecule as an example. All of these processes except dissociation, ion-pair formation, and dissociative ionization, are possible with atomic species as well. Excitation processes Table 3 , may occur if the energy of the photon is sufficiently large. The molecule is split into a charged and an uncharged fragment which will affect its subsequent ionic reactions and eventual recombination as a neutral specie. In an experiment which does not discriminate between the products, these processes will be included in the ionization cross section. With mass spectrometric examination of the photoionization products, it is possible to separate these processes and to assess their importance. Available data on oxygen and nitrogen are shown in Figures 9 and 10 , which are both due to the work of Weissler, Samson, Ogawa, and Cook 3 5 . The experiments indicate that these processes occur to a negligible extent in both oxygen and nitrogen, and are therefore not too important in the upper atmosphere.
In summary of the present data, it may be stated that the photoionization cross section for atmospheric gases reaches values of about 1 or 2 x 10-17 cm 2 in the principal ionization continuum just above the ionization potential, and that the cross section slowly decreases at lower wavelengths. Further work will be needed to obtain better data in the wavelength region below 1000 0 A, where most of the transitions which maintain the earth's ionosphere occur.
Simple ionization, as in (c.) and (d.) of Table 3 , appears to be the most important type of ionization process.
ELECTRON ATTACHMENT
Negative ions may be formed in the ionosphere by attachment of electrons to electronegative atoms and molecules. This process leads to rapid removal of electrons after sunset, when photodetachment is no longer able to reverse the process and yield back a neutral specie and the electron. The attaching electrons are at low thermal energies. However, most experiments are done at somewhat higher energies because it is difficult to work at such low energies. 
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The electron affinity is defined as the decrease in energy occurring when a neutral specie and an electron combine to form a negative ion; this must be positive for the negative ion to be stable. Values for atmospheric species are shown in Figure 11 . which to obtain stable negative ions in the ionosphere are atomic oxygen. For atomic species, three-body and radiative attachment can occur. Since the measurements indicate that dissociative attachment occurs only at electron energies above one electron volt, and since typical thermal energies are around 0. 025 electron volt, the only processes to consider for attachment to molecular oxygen are three-body and radiative attachment. Since the rate of the three-body process varies as the square of the pressure while the radiative process rate varies as the first power, the amount of recombination occurring by the latter path will become larger at higher altitudes and will finally become the only attachment process. On the basis of the indicated measurements, the three-body process is more important below roughly 100 km and the radiative process is more important above this altitude. In addition, it is only above these altitudes that there is an appreciable concen-O 5 and associates found such an ion in discharges producing negative atomic oxygen ion, but the electron could not be photodetached by the visible radiation available. This seems to establish the ion as more stable than the negative ion of atomic oxygen, since the oxygen ion could undergo photodetachment in this apparatus.
It has been difficult to obtain more information about the negative ion of nitrogen dioxide and its mechanism of formation in the upper atmosphere.
Experiments by Fox 1 5 have shown that it does not appear to form by direct attachment. The main process yields 0" at electron energies above 1.35 volt.
The ion is also observed to be formed during the thermalization of 25 Mev electrons in experiments done by van Lint, Hammond, Parez, and Wikner 2 7 .
These investigators find that the attachment cross section is large and that the attachment mechanism is complicated. Additional work in this area would be desirable in order to understand how this unusual triatomic molecular ion is formed in the upper atmosphere. It is possible, of course, that the ion is the most stable product of a series of charge transfer and other ion reactions, but available data do not yet allow detailed calculations.
Conclusions
It is apparent, after surveying the information presently available, that more laboratory research on these processes is vitally needed. This informa-tion is necessary to properly utilize data from vehicles, and thereby better understand the earth's upper atmosphere. Applications of many kinds follow close behind fundamental knowledge in these areas.
In general, the research goals for ion formation cross section experiments should include several types of studies. The wavelength range should be extended and studied with continuum light sources down to the x-ray region 
